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(57) ABSTRACT

According to one embodiment, a semiconductor device
includes a structure, an insulating film, a control electrode,
first and second electrodes. The structure has a first surface,
and includes a first, a second, and a third semiconductor
region. The structure has a portion including the first, second,
and third semiconductor regions arranged in a first direction
along the first surface. The insulating film is provided on the
first surface. The control electrode is provided on the insulat-
ing film. The first electrode is electrically connected to the
third semiconductor region. The second electrode is electri-
cally connected to the first semiconductor region. The insu-
lating film includes a charge trap region. A bias voltage is
applied to the first and second electrodes, and includes a shift
voltage. The shift voltage shifts a reference potential of a
voltage applied to the first and second electrodes by a certain
voltage.
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1
SEMICONDUCTOR DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2012-212885,
filed on Sep. 26, 2012; the entire contents of which are incor-
porated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor device.

BACKGROUND

As alow-loss and high-temperature-operable semiconduc-
tor device, a device using silicon carbide (SiC) attracts atten-
tion, for example. The silicon carbide (SiC) has excellent
physical properties than silicon (Si) in that bandgap is three
times, breakdown field strength is approximately ten times,
and thermal conductivity is approximately three times.

In a MOSFET (Metal Oxide Semiconductor Field Effect
Transistor) using SiC or the like, a threshold value may vary
by a temperature. Especially, in a MOSFET using SIC, a
threshold value is easily lowered along with a temperature
increase. In a semiconductor device, it is important to obtain
a stable threshold value.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A and FIG. 1B are schematic views illustrating the
configuration of a semiconductor device according to a first
embodiment;

FIG. 2A and FIG. 2B illustrate changes in the threshold
value;

FIG. 3 illustrates changes in the threshold value by a tem-
perature;

FIG. 4 is a flowchart illustrating a method for manufactur-
ing the semiconductor device according to the embodiment;

FIG. 5A to FIG. 6D are schematic cross-sectional views
illustrating the method for manufacturing the semiconductor
device;

FIG. 7A and FIG. 7B are schematic cross-sectional views
illustrating a clustered oxide dielectric; and

FIG. 8 is a schematic cross-sectional view illustrating a
semiconductor device according to a third embodiment.

DETAILED DESCRIPTION

According to one embodiment, a semiconductor device
includes a structure, an insulating film, a control electrode, a
first electrode and a second electrode. The structure has a first
surface, and includes a first semiconductor region of a first
conductivity type, a second semiconductor region ofa second
conductivity type, and a third semiconductor region of the
first conductivity type. The structure has a portion including
the first semiconductor region, the second semiconductor
region arranged in contact with the first semiconductor
region, and the third semiconductor region arranged in con-
tact with the second semiconductor region in a first direction
along the first surface. The insulating film is provided on the
first surface of the structure. The control electrode is provided
on the insulating film. The first electrode is electrically con-
nected to the third semiconductor region. The second elec-
trode is electrically connected to the first semiconductor
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region. The insulating film includes a charge trap region trap-
ping charges. A bias voltage is applied to the first electrode
and the second electrode, and includes a shift voltage. The
shift voltage makes a reference potential of a voltage applied
to the first electrode and the second electrode shift from a
reference potential of a voltage applied to the control elec-
trode by a certain voltage.

Various embodiments will be described hereinafter with
reference to the accompanying drawings.

It is to be noted that, in the following description, identical
components in the drawings are shown with the same refer-
ence numerals, and description of the duplicate components
is omitted as needed.

Also, in the following description, notations n*, n, and n~
and p*, p, and p~ represent relative degrees of impurity con-
centration in respective conductivity types. That is, n* repre-
sents that it is relatively higher in n-type impurity concentra-
tion than n while n~ represents that it is relatively lower in
n-type impurity concentration than n. Also, p* represents that
it is relatively higher in p-type impurity concentration than p
while p~ represents that it is relatively lower in p-type impu-
rity concentration than p.

In the embodiments, an example in which a first conduc-
tivity type is n-type while a second conductivity type is p-type
will be raised as an example.

(First Embodiment)

FIG. 1A and FIG. 1B are schematic views illustrating the
configuration of a semiconductor device according to a first
embodiment.

FIG. 1A shows a schematic cross-sectional view of a semi-
conductor device 110, and FIG. 1B shows a schematic cross-
sectional view in which a section A shown in FIG. 1A is
enlarged.

As shown in FIG. 1A, the semiconductor device 110
according to the embodiment is a DIMOSFET (Double
Implanted Metal Oxide Semiconductor Field Effect Transis-
tor) using SiC, for example.

The semiconductor device 110 includes a structure 100, an
insulating film 60, a control electrode G, a first electrode D1,
and a second electrode D2. The structure 100 has a first
surface 100a. The structure 100 includes a first semiconduc-
tor region 10, a second semiconductor region 20, and a third
semiconductor region 30.

In the embodiment, one direction along the first surface
100q (first direction) is referred to as an X-direction, a direc-
tion along the first surface 100a and perpendicular to the
X-direction (third direction) is referred to as a Y-direction,
and a direction perpendicular to the X-direction and the Y-di-
rection (second direction) is referred to as a Z-direction.

The structure 100 has a portion in which the first semicon-
ductor region 10, the second semiconductor region 20, and
the third semiconductor region 30 are arranged in this order in
the X-direction. The structure 100 has a portion in which the
first semiconductor region 10, the second semiconductor
region 20, and the third semiconductor region 30 are arranged
in this order in the Z-direction.

The first semiconductor region 10, the second semiconduc-
tor region 20, and the third semiconductor region 30 are
stacked in this order in the Z-direction. A part of the first
semiconductor region 10 is exposed to the first surface 100q.
A part of the second semiconductor region 20 is exposed to
the first surface 100a. A part of the third semiconductor region
30 is exposed to the first surface 100a. On a side of the first
surface 100a of the structure 100, the part of the first semi-
conductor region 10, the part of the second semiconductor
region 20, and the part of the third semiconductor region 30
are arranged in the X-direction. The part of the second semi-
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conductor region 20 is provided between the part of the first
semiconductor region 10 and the part of the third semicon-
ductor region 30.

In manufacturing the structure 100, the second semicon-
ductor region 20 is formed in a part of the first semiconductor
region 10 on a surface side, and the third semiconductor
region 30 is formed in a part of the second semiconductor
region 20 on a surface side.

A plurality of second semiconductor regions 20 may be
provided. In a case where the plurality of second semicon-
ductor regions 20 are provided, the plurality of second semi-
conductor regions 20 are disposed to be separated from one
another in the X-direction and the Y-direction. For each of the
second semiconductor regions 20, various shapes such as a
line shape extending in the Y-direction, an island shape as
seen in the Z-direction, and a ring shape as seen in the Z-di-
rection are adopted.

A plurality of third semiconductor regions 30 may be pro-
vided. In a case where the plurality of third semiconductor
regions 30 are provided, the plurality of third semiconductor
regions 30 are disposed to be separated from one another in
the X-direction. Each of the third semiconductor regions 30 is
formed in a line shape, an island shape, a ring shape, or the
like in accordance with a shape of the second semiconductor
region 20, for example.

On the side of the first surface 100a, the part of the second
semiconductor region 20 provided between the part of the
first semiconductor region 10 and the part of the third semi-
conductor region 30 is a portion functioning as a channel of
the DIMOSFET.

The insulating film 60 is provided on the first surface 100a
of'the structure 100. The insulating film 60 functions as a gate
insulating film for the DIMOSFET. The insulating film 60 is
provided along the first surface 100a. The insulating film 60
is provided on the first semiconductor region 10, the second
semiconductor region 20, and the third semiconductor region
30.

The control electrode G is provided on the insulating film
60. The control electrode G functions as a gate electrode for
the DIMOSFET. The first electrode D1 is electrically con-
nected to the third semiconductor region 30. The second
electrode D2 is electrically connected to the first semiconduc-
tor region 10.

In the semiconductor device 110 like this, the insulating
film 60 includes a charge trap region 60a adapted to trap
charges. As shown in FIG. 1B, the insulating film 60 has a first
portion 61 and a second portion 62. The first portion 61 is
provided on a side of the insulating film 60 closer to the first
semiconductor region 10. The second portion 62 is provided
on a side of the insulating film 60 closer to the control elec-
trode G.

The second portion 62 includes the charge trap region 60a.
Charges go in and out of the charge trap region 60a at high
speed by voltage applied to the control electrode G. The
second portion 62 desirably contacts the control electrode G.
This facilitates high-speed movement of the charges between
the control electrode G and the charge trap region 60a. To
make the charges move at higher speed, a work function of a
material for the control electrode G is desirably substantially
equal to a mid gap of Si. By trapping of the charges by the
charge trap region 60a, a threshold value of the semiconduc-
tor device 110 is stabilized.

Here, the mid gap of Si has an energy between 4.05 eV
(bottom of conduction band) and 5.17 eV (top of valance
band).

In the above “Substantially equal to the mid gap of Si”
means that the work function of the material of the control
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electrode G is well accorded with the energy of dangling-
bond of Si in the charge trap region 60a. The energy of
dangling-bond of Si is within the range of the mid gap of Si.
More properly, this means that the work function of the mate-
rial of the control electrode G is well accorded with the energy
of the trap level in the charge trap region 60a.

The charge transfer between the control electrode G and
the charge trap region 60a becomes faster by the work func-
tion of the material of the control electrode G being well
accorded with the energy of the trap level in the charge trap
region 60a.

Further, in a case where the charge trap region 60q is made
of SiN film or SiON film that trap level is the energy of
dangling-bond of Si, the charge transfer between the control
electrode G and the charge trap region 60a becomes faster by
the work function of the material of the control electrode G
being well accorded with the energy of dangling-bond of Si.

Inthe semiconductor device 110, control voltage is applied
to the control electrode G from a voltage supplying unit 72.
Also, bias voltage is applied to the first electrode D1 and the
second electrode D2 from a voltage supplying unit 70. The
bias voltage includes shift voltage V., The shift voltage
Vg 18 adjusted by a reference potential adjusting unit 71.
When the charges are trapped by the charge trap region 60a,
the threshold value of the semiconductor device 110 gets
close to the shift voltage V,,, and is stabilized.

FIG. 2A and FIG. 2B illustrate changes in the threshold
value.

FIG. 2A shows changes in the threshold value in a case
where a first ON threshold value V,, (ON1) is smaller than the
shift voltage V., and FIG. 2B shows changes in the thresh-
old value in a case where the first ON threshold value V,,
(ON1) is larger than the shift voltage V.

In FIG. 2A and FIG. 2B, a horizontal axis represents volt-
age V applied to the control electrode G while a vertical axis
represents current | flowing from the second electrode D2 to
the first electrode D1.

Here, voltage (ON threshold value) at which the current I
begins to increase when the semiconductor device 110 as the
DiMOSFET is turned from an OFF state to an ON state is
referred to as V,,, (ON) while voltage (OFF threshold value) at
which the current [ begins to decrease when the semiconduc-
tor device 110 is turned from an ON state to an OFF state is
referred to as V,, (OFF). In a case where reference potential of
the control electrode G is Va while reference potential of the
first electrode D1 and the second electrode D2 is Vb, the shift
voltage V,, , is external voltage that makes the reference
potential Vb shift from the reference potential Va.

The first ON threshold value V ;, (ON1) is an ON threshold
value in a case where the insulating film 60 does not include
the charge trap region 60a. A first OFF threshold value V,,
(OFF1) is an OFF threshold value in a case where the insu-
lating film 60 does not include the charge trap region 60a.

A second ON threshold value V,;, (ON2) is an ON threshold
value in a case where the insulating film 60 includes the
charge trap region 60a. A second OFF threshold value V,,
(OFF2) is an OFF threshold value in a case where the insu-
lating film 60 includes the charge trap region 60a.

First, as shown in FIG. 2A, changes in the threshold value
in a case where the first ON threshold value V,, (ON1) is
smaller than the shift voltage V, , will be described.

In a case where the insulating film 60 includes the charge
trap region 60a, negative charges are trapped by the charge
trap region 60a in an OFF state. Since the negative charges are
contained in the insulating film 60, the ON threshold value V,,
(ON) becomes the second ON threshold value V,, (ON2),
which is a value raised further to a side of the shift voltage
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Vi than the first ON threshold value V,, (ON1). A differ-
ence between the second ON threshold value V ;, (ON2) and
the shift voltage V., is smaller than a difference between the
first ON threshold value V;, (ON1) and the shift voltage V ..

In an ON state, positive charges are trapped by the charge
trap region 60a. Since the positive charges are contained in
the insulating film 60, the OFF threshold value V,, (OFF)
becomes the second OFF threshold value V,, (OFF2), which
is a value lowered further to a side of the shift voltage V.,
than the first OFF threshold value V,,, (OFF1). A difference
between the second OFF threshold value V,,, (OFF2) and the
shift voltage V., is smaller than a difference between the
first OFF threshold value V,, (OFF1) and the shift voltage
Vshi i

I\{ext, as shown in FIG. 2B, changes in the threshold value
in a case where the first ON threshold value V,, (ON1) is
larger than the shift voltage V,; will be described.

In a case where the insulating film 60 includes the charge
trap region 60a, positive charges are trapped by the charge
trap region 60a in an OFF state. Since the positive charges are
contained in the insulating film 60, the ON threshold valueV,,
(ON) becomes the second ON threshold value V,, (ON2),
which is a value lowered further to a side of the shift voltage
V i than the first ON threshold value V,, (ON1). A differ-
ence between the second ON threshold value V,;, (ON2) and
the shift voltage V., is smaller than a difference between the
first ON threshold value V;, (ON1) and the shift voltage V ..

In an ON state, positive charges are trapped by the charge
trap region 60a. Since the positive charges are contained in
the insulating film 60, the OFF threshold value V,, (OFF)
becomes the second OFF threshold value V,, (OFF2), which
is a value lowered further to a side of the shift voltage V,,,,
than the first OFF threshold value V,,, (OFF1). A difference
between the second OFF threshold value V,,, (OFF2) and the
shift voltage V,,; is smaller than a difference between the
first OFF threshold value V,, (OFF1) and the shift voltage
Vip- In the ON state, more positive charges are trapped by
the charge trap region 60a than in the OFF state. Thus, a
difference between the first OFF threshold value V,,, (OFF1)
and the second OFF threshold value V , (OFF2) is larger than
a difference between the first ON threshold value V,,, (ON1)
and the second ON threshold value V,,, (ON2).

When the charges are trapped by the charge trap region 60a
in this manner, the threshold value of the semiconductor
device 110 gets close to the shift voltage V,,,,. When a
sufficient number of charges are trapped by the charge trap
region 60a, the threshold value of the semiconductor device
110 becomes approximately equal to the shift voltage V5.
That is, the threshold value of the semiconductor device 110
gets close to the shift voltage V,,;, and is stabilized.

Here, the shift voltage V,,, is set by potential supplied
from the reference potential adjusting unit 71. Thus, the
threshold value of the semiconductor device 110 is adjusted
by the shift voltage V,, , supplied from the reference poten-
tial adjusting unit 71. The threshold value of the semiconduc-
tor device 110 is arbitrarily set by the shift voltage V;, ; and
is stabilized.

Next, a slope of the threshold value will be described.

A slope of the threshold value refers to a slope of aline line
connecting between the ON threshold value V,, (ON) and the
OFF threshold value V, (OFF) in the current I to voltage V
characteristics shown in FIG. 2A and FIG. 2B. A first thresh-
old slope SL1 is a slope of a line connecting between the first
ON threshold value V,,, (ON1) and the first OFF threshold
value V,, (OFF1). A second threshold slope SL.2 is a slope of
a line connecting between the second ON threshold value V,,,
(ON2) and the second OFF threshold value V,, (OFF2).
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The semiconductor device 110 has the second threshold
slope SL2. An angle of the second threshold slope SL.2 is
larger than an angle of the first threshold slope SL1. In the
semiconductor device 110, the threshold slope erects further
than that in a semiconductor device including no charge trap
region 60a. Since the threshold slope erects, an ON/OFF
switching characteristic (switching characteristic) is
improved, and wasteful power consumption is restricted.

FIG. 3 illustrates changes in the threshold value by a tem-
perature.

In FIG. 3, ahorizontal axis represents a temperature while
a vertical axis represents a threshold value. FIG. 3 shows
changes in threshold values of the semiconductor device 110
according to the embodiment, a semiconductor device 191
according to Reference Example 1, and a semiconductor
device 192 according to Reference Example 2.

The semiconductor device 191 is a DIMOSFET provided
on a substrate in which an Si surface of 4H—SiC is nitrogen-
terminated. The semiconductor device 192 is a DIMOSFET
provided on a substrate in which a C surface of 4H—SiC is
nitrogen-terminated. Neither the semiconductor device 191
nor the semiconductor device 192 includes the charge trap
region 60a. In the semiconductor device 191 and the semi-
conductor device 192, lowering of the threshold value occurs
along with a temperature increase. It is thought that the low-
ering of' the threshold value is caused by the fact that negative
charges are emitted from the gate insulating film easily as the
temperature increases.

In the semiconductor device 110 according to the embodi-
ment, the charges are trapped by the charge trap region 60a,
and thus the threshold value is stabilized into the shift voltage
V g1 Introduced from an outside. That is, in the semiconduc-
tor device 110, since a large number of charge traps are
introduced, stabilization into a desired threshold value is
achieved without dependence on a temperature. Accordingly,
in the semiconductor device 110, variation of the threshold
value along with changes in a temperature is slight. The
threshold value of the semiconductor device 110 is stable
even at a high temperature.

In the semiconductor device 110 according to the embodi-
ment, the shift voltage V;, ;. which makes the reference
potential Vb of the first electrode D1 and the second electrode
D2 shift from the reference potential Va of the control elec-
trode G, is applied from a part of the device circuit.

In this case, threshold voltage is settled to this shift voltage
Vs That is, the threshold voltage can be controlled into a
desired value (shift voltage V,,, ;) from an outside. Also, even
after completion of the device, by changing the shift voltage
V guis» @ problem in which the threshold value shifts to cause
reliability to be impaired (a problem of threshold value shift)
is suppressed.

Further, the shift voltage V,,,, may be changed depending
on a place for use, time, or timing, or may be controlled
temporally depending on an occasion. In this case, the shift
voltage V. has only to be changed into a desired value.

Also, controlling the threshold voltage into a smaller value
is advantageous in terms of simplification of a control circuit,
cost reduction, ensuring of safety, and the like. In this respect,
by setting the shift voltage V., to a small value such as 1 volt
(V), lowering of the threshold value is achieved. For example,
variation in the threshold value easily occurs in a high-tem-
perature operation, and lowering of the threshold value to
approximately 2 V is a lower limit in a conventional configu-
ration. With a configuration according to the embodiment,
lowering of the threshold value to approximately 1 V is
achieved.
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Also, in the conventional configuration, the threshold volt-
age is designed to be approximately 5V to 7V and is designed
to be approximately 3 V in a high-temperature operation from
a viewpoint of stability of the device. However, since leak
increases when the threshold voltage is high, the threshold
voltage is desirably kept as low as approximately 5 V. Based
on the above, it is appropriate to set the shift voltage V.,
given from an outside to 1 V or higher and 5V or lower.

In the configuration according to the embodiment, a case in
which only the charge traps are introduced and in which the
shift voltage V., is not introduced will be considered. That
is, a case in which the charge traps are introduced in a case
where the reference potential Va and the reference potential
Vb correspond (normal configuration) will be considered. In
this case, the threshold voltage infinitely gets closer to zero,
and the threshold voltage V, becomes zero without depen-
dence on a temperature. Accordingly, no charge traps are
introduced in the normal configuration.

Also, a case in which only the shift voltage V., is intro-
duced and in which no charge traps are introduced will be
considered. That is, a case in which only the shift voltage
Vuip 1s introduced in a normal configuration in which no
charge traps are introduced will be considered. In this case,
the threshold voltage V,,, moves in parallel as much as the shift
voltage V,,; from the threshold voltage V,, of each of the
semiconductor devices 191 and 192 shown in FIG. 3. In such
a configuration, stabilization of the threshold value against
the temperature is not achieved.

In this manner, just introducing either the charge traps or
the shift voltage V,, , cannot bring about a desired stable
threshold value. The inventors of the invention have discov-
ered that the threshold voltage can be stabilized as that of the
semiconductor device 110 shown in FIG. 3 by introducing
both the charge traps and the shift voltage V.

Next, an example of the semiconductor device 110 will be
described.

The first semiconductor region 10 is provided on a sub-
strate 15 including high-concentration n-type (n*-type) sili-
con carbide (4H—SiC: silicon carbide). The first semicon-
ductor region 10 is a low-concentration n-type (n”-type)
4H—SiC layer, for example.

In the embodiment, a structure in which the first semicon-
ductor region 10 is formed on the substrate 15 is used as a
substrate for forming a device. Impurity concentration of the
first semiconductor region 10 (n"-type SiC layer) is lower
than impurity concentration of the substrate 15 (n*-type SiC
substrate). The first semiconductor region 10 is a breakdown
voltage holding layer for the semiconductor device 110.

SiC can exist in many polytypes. In the embodiment, a 4H
structure is used as a polytype of SiC. In the semiconductor
device 110 using 4H-structured SiC, high breakdown voltage
can be obtained. Also, since mobility in a bulk is high, the 4H
structure is suitable for fabrication of a power device.

On a rear surface of the substrate 15, the second electrode
D2 including a conductive material is formed. The second
electrode D2 is a drain electrode for the DiIMOSFET, for
example. The second electrode D2 has a stacked structure by
depositing Ni and Ti, for example. The second electrode D2 is
in ohmic contact with the rear surface of the substrate 15 by
annealing at 1000° C., for example.

In parts on a surface of the first semiconductor region 10,
the plurality of second semiconductor regions 20 each having
a predetermined film thickness are provided to be separated
from one another. Each of the second semiconductor regions
20 is a low-concentration p-type (p~-type) SiC region. Each
of the second semiconductor regions 20 is formed to have a
depth from the first surface 100a of the structure 100 to an
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internal halfway portion. The first semiconductor region 10 is
disposed between the two second semiconductor regions 20.
Each of the second semiconductor regions 20 may be formed
in a ring shape, a honeycomb shape, or the like as seen in the
Z-direction.

At a part on a surface of the second semiconductor region
20, the third semiconductor region 30 having a predetermined
film thickness to have a depth from the first surface 100a of
the structure 100 to an internal halfway portion is provided.
The third semiconductor region 30 is a high-concentration
n-type (n*-type) SiC region.

A contact region 25 is provided at a part on the surface of
the second semiconductor region 20. The contact region 25 is
disposed side-by-side with the third semiconductor region 30.
The contact region 25 is a p-type (p*-type) SiC region.

In this manner, the second semiconductor region 20 is
provided between the first semiconductor region 10 and the
third semiconductor region 30. The second semiconductor
region 20 contacts the first semiconductor region 10 and the
third semiconductor region 30, respectively. In the second
semiconductor region 20 sandwiched between the first semi-
conductor region 10 and the third semiconductor region 30, a
channel is formed.

The insulating film 60 is provided on the first surface 100a
of'the structure 100. The insulating film 60 is provided on the
first semiconductor region 10, the second semiconductor
region 20, and the third semiconductor region 30 continu-
ously. For the insulating film 60, SiO, is used, for example.

The control electrode G is formed on the insulating film 60.
The control electrode G is provided via the insulating film 60
on parts of the first semiconductor region 10, the second
semiconductor region 20, and the third semiconductor region
30.

The first electrode D1 is provided on the third semiconduc-
tor region 30 and the contact region 25. The first electrode D1
is a source electrode for the DiMOSFET, for example. The
first electrode D1 has a stacked structure by Al and Ni, for
example. The first electrode D1 is formed at a temperature of
approximately 800° C., for example, and is in ohmic contact
with the contact region 25. The third semiconductor region 30
is a source region for the DIMOSFET.

In the semiconductor device 110, a plurality of configura-
tions shown in FIG. 1 are disposed in parallel. In the semi-
conductor device 110, current flows in the entirety of the
configurations disposed in parallel, and switching is per-
formed by voltage application to the control electrode G.

Here, the insulating film 60 includes the charge trap region
60q. For the charge trap region 60a, an SiN film is used, for
example. The first portion 61 of the insulating film 60 is an
Si0, film, for example, and the second portion 62 is an SiN
film, for example. The second portion 62 functions as the
charge trap region 60a.

To make the SiN film function as the charge trap region
60a, the SiN film needs to be Si-rich. In a case where the SiN
film is Si-rich, a plurality of Si dangling bonds exists, and
electrons and holes are easy to be trapped.

When a composition ratio of SiN (an element in a compo-
sition ratio of elements is hereinafter expressed as [chemical
symbol]) is [Si]/[N]=4=0.75, dangling bonds disappear, and
charge trapping ceases. From this state, as SiN is made to be
Si-rich, a charge trapping amount increases. Accordingly, the
composition ratio of SiN needs to satisfy [Si]/[N]>0.75.

To increase the charge trapping amount, SiN favorably has
more Si. In a case where [Si]/[N] is 0.85 or higher, a sufficient
number of charges are trapped. On the other hand, when
[Si]/[N] exceeds 1.05, the entire film becomes a metal, and
potential adjustment by charge trapping cannot be performed.
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In other words, when an Si amount is excessive, the film
gradually becomes metallic by interactions of adjacent dan-
gling bonds. An upper limit of the Si amount without metallic
charge transfer is [Si]/[N]=0.95. Based on the above, the
composition ratio of SiN is 0.75<[Si]/[N]<1.05, and prefer-
ably 0.85 [Si]/[N]=0.95. In the embodiment, 0.9, which is a
middle amount in the above range, is applied.

To make the SiN film function as the charge trap region
60a, surface density of the charge traps is important. The
charges go in and out at higher speed when the SiN film is
thinner. Accordingly, a thickness of the SiN film is favorably
8 nanometers (nm) or less. In addition, for high-speed move-
ment, the thickness of the SiN film is favorably 4 nm or less.

On the other hand, to trap charges sufficiently, a certain
thickness is required. Accordingly, the thickness of the SiN
film needs to be 0.5 nm or more. Further, to keep film unifor-
mity, the thickness of the SiN film is favorably 1 nm or more.
Based on the above, the thickness of the SiN film is 0.5 nm or
more and 8 nm or less, and more preferably 1 nm or more and
4 nm or less. An optimal thickness is approximately 2.5 nm.
In the embodiment, 2.5 nm is applied as the thickness of the
SiN film.

(Second Embodiment)

Next, a method for manufacturing the semiconductor
device according to the embodiment will be described.

FIG. 4 is a flowchart illustrating a method for manufactur-
ing the semiconductor device according to the embodiment.

FIG. 5A to FIG. 6D are schematic cross-sectional views
illustrating the method for manufacturing the semiconductor
device.

Hereinafter, an example of the method for manufacturing
the semiconductor device will be described with reference to
FIG. 4 and FIG. 5A to FIG. 6D.

First, as shown in step S100 in FIG. 4, the first semicon-
ductor region 10 is formed. That is, as shown in FIG. 5A, the
first semiconductor region 10 including an n™-type 4H—SiC
layer is formed on a surface of the n*-type 4H—SiC substrate
15. As the substrate 15, a solid single crystal SiC substrate is
used, for example.

Impurity concentration (doping concentration) in the sub-
strate 15 is favorably 1x10"® atoms/cm® or more and less than
1x10° atoms/cm>. In the embodiment, impurity concentra-
tion of the substrate 15 is 6x10'7 atoms/cm®, for example.

As the substrate 15, a (0001) plane hexagonal SiC substrate
(4H—SIiC substrate) is favorable. Although the (0001) plane
is used in the embodiment, another plane direction such as
(000-1) plane is available as well.

The first semiconductor region 10 is formed by epitaxially
growing the n™-type 4H—SiC layer on a surface of the sub-
strate 15. When the epitaxial layer is formed, SiH, gas and
C,Hj, gas are used as source gas, for example. Also, N or P is
favorably used as impurities (dopant). The first semiconduc-
tor region 10 is a breakdown voltage holding layer.

A film thickness of the first semiconductor region 10 is
favorably 5 pm or more and 100 pm or less, for example, and
is desirably larger for a higher breakdown voltage device. In
the embodiment, the film thickness of the first semiconductor
region 10 is 10 um, for example. Also, impurity concentration
(doping concentration) of the first semiconductor region 10 is
favorably 8x10'* atoms/cm® or more and less than 3x10"7
atoms/cm®. In the embodiment, impurity concentration of the
first semiconductor region 10 is 5x10'® atoms/cm?, for
example.

Subsequently, as shown in step S102 in FIG. 4, the second
semiconductor region 20 is formed. The second semiconduc-
tor region 20 is formed by ion implantation of p-type impu-
rities. That is, as shown in FIG. 5B, with use of an oxide film
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(not shown) formed by photolithography and etching as a
mask, impurities whose conductivity type is p-type are selec-
tively implanted in a surface region of the SiC layer as the first
semiconductor region 10. Thus, the second semiconductor
region 20 including a p~-type 4H—SiC region is formed.

Conductive impurity concentration of the second semicon-
ductor region 20 is 1x10"® atoms/cm>, for example. As con-
ditions for implantation of Alions that are p-type impurities,
adose amount is 1x10'® atoms/cm>, and energy is 80 keV, for
example. In the embodiment, the substrate 15 is heated to
300° C. for the above ion implantation, for example.

Subsequently, as shown in step S104 in FIG. 4, the third
semiconductor region 30 is formed. The third semiconductor
region 30 is formed by ion implantation of n-type impurities.
That is, as shown in FIG. 5C, n-type conductive impurities are
selectively implanted at a part of a surface of the second
semiconductor region 20. Thus, the third semiconductor
region 30 including an n*-type 4H—SiC region is formed.

Specifically, after the oxide film mask used for formation
of the second semiconductor region 20 is removed, an oxide
film mask (not shown) having a new pattern is formed again
by photolithography and etching. Subsequently, n-type con-
ductive impurities are implanted through an opening of the
new mask. Thus, the third semiconductor region 30 is formed.

Conductive impurity concentration of the third semicon-
ductor region 30 is 2x10°° atoms/cm>, for example. As con-
ditions for implantation of N ions that are n-type impurities, a
dose amount is 1x10'° atoms/cm>, and energy is 40 key, for
example. In the embodiment, the substrate 15 is heated to
300° C. for the above ion implantation. Conductive impurity
concentration of the third semiconductor region 30 is favor-
ably 1x10'* atoms/cm® or more and 5x10°° atoms/cm?® or
less. The conductive impurity concentration is more prefer-
ably 5x10'° atoms/cm® or more and 3x10°° atoms/cm?® or
less.

Subsequently, as shown in step S106 in FIG. 4, the contact
region 25 is formed. The contact region 25 is formed by ion
implantation of p-type impurities. That is, as shown in FIG.
5D, p-type conductive impurities are selectively implanted in
another part on the surface of the second semiconductor
region 20 so as to be contiguous to the third semiconductor
region 30. Thus, the contact region 25 including a p*-type
4H—SiC region is formed.

Specifically, after the oxide film mask used for formation
of the third semiconductor region 30 is removed, an oxide
film mask (not shown) having a new pattern is formed again
by photolithography and etching. Subsequently, p-type con-
ductive impurities are implanted through an opening of the
new mask. Thus, the contact region 25 is formed.

Conductive impurity concentration ofthe contact region 25
is 2x10?° atoms/cm?, for example. As conditions for implan-
tation of Al ions that are p-type impurities, a dose amount is
1x10'® atoms/cm?, and energy is 40 key, for example. In the
embodiment, the substrate 15 is heated to 300° C. for the
above ion implantation. Conductive impurity concentration
of the contact region 25 is favorably 1x10'* atoms/cm® or
more and 5x10%° atoms/cm® or less. The conductive impurity
concentration is more preferably 5x10'° atoms/cm> or more
and 3x10%° atoms/cm” or less.

Subsequently, as shown in step S108 in F1G. 4, annealing is
performed. That is, after the above ion implantation pro-
cesses, an activation annealing treatment is performed. For
this activation annealing treatment, conditions in which a
heating temperature is 1600° C. and in which heating time is
30 minutes are used with use of argon (Ar) gas as atmosphere
gas, for example. In this manner, a structure shown in FIG. 5D
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is obtained. At this time, the dopant introduced in the SiC
substrate is activated but is rarely diffused.

It is to be noted that, in formation of the second semicon-
ductor region 20, the third semiconductor region 30, and the
contact region 25, carbon ions may be codoped. At this time,
by the high-temperature annealing shown in step S108,
excessive carbon ions are diffused to the first semiconductor
region 10, the substrate 15, and an outside and do not remain
in the second semiconductor region 20. As a result, charac-
teristic changes on the MOS interface by presence/absence of
codoping of carbon ions at this stage are in an unobservable
level.

Subsequently, as shown in step S110 in FIG. 4, the insu-
lating film 60 is formed. That is, as shown in FIG. 6A, the
insulating film 60 is formed to cover the entirety of surfaces of
the first semiconductor region 10, the second semiconductor
region 20, and the third semiconductor region 30. For the
insulating film 60, SiO, is used, for example. For the insulat-
ing film 60, SiN or a high permittivity material (high-k mate-
rial) may be used. As a method for forming the insulating film
60, a thermal oxidation method, a wet oxidation method, or a
deposition method such as CVD is used.

Subsequently, as shown in step S112 in FIG. 4, impurities
are introduced. In the embodiment, N is used as impurities. As
shown in FIG. 6B, plasma nitridation is performed via the
insulating film 60. Thus, the charge trap region 60a made of
an SiN film is formed in a surface portion of the insulating
film 60.

Subsequently, as shown in step S114 in FIG. 4, the first
electrode D1 is formed. The first electrode D1 is a source
electrode, for example. To form the first electrode D1, a resist
film (not shown) having a pattern is first formed on the insu-
lating film 60 by a photolithographic method. Thereafter,
with use of the resist film as a mask, a part of the insulating
film 60 located on a surface of the contact region 25 and a part
of a surface of the third semiconductor region 30 is removed
by etching (see FIG. 6C).

Subsequently, on the surface of the contact region 25 and
the part of the surface of the third semiconductor region 30
exposed by an opening formed by removing the resist film
and the insulating film 60, a conductive film such as metal is
formed. The conductive film becomes the first electrode D1.

Thereafter, by removing the resist film, the conductive film
located on the resist film is lifted off. Also, by decreasing a
width of the insulating film 60 by etchback or the like, a gap
is formed so as to prevent contact between the insulating film
60 and the first electrode D1. Here, as a conductive material
for the first electrode D1, nickel (Ni) is favorable, for
example.

Subsequently, as shown in step S116 in FIG. 4, annealing is
performed. That is, in the annealing process, after formation
of the first electrode D1, a heat treatment at 800° C. is per-
formed, for example. For example, the annealing process is
performed in argon (Ar) gas with heating time of 5 minutes.

By the above heat treatment, the first electrode D1 includ-
ing Ni,Si is formed. Since a large amount of N is introduced
in the third semiconductor region 30, an electrode structure
with low contact resistance is obtained by this annealing
process. Also, since a large amount of Al is introduced in the
contact region 25, a contact with low contact resistance is
obtained easily.

Subsequently, as shown in step S118 in FIG. 4, the control
electrode G is formed. That is, as shown in FIG. 6D, the
control electrode G is formed on the insulating film 60. For
the control electrode G, n-type polysilicon is used, for
example.
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Itis to be noted that, by using n-type polysilicon for the first
electrode D1 as well, further forming Ni films to the first
electrode D1 and the control electrode G, and performing a
heat treatment, salicide films such as NiSi, Ni,Si, and NiSi,
may be formed as electrodes.

Subsequently, as shown in step S120 in FIG. 4, the second
electrode D2 is formed. The second electrode D2 is a drain
electrode, for example. As shown in FIG. 6D, the second
electrode D2 is formed on a rear surface of the substrate 15.
As the second electrode D2, a stacked structure of Ni and Ti
is used, for example. The second electrode D2 is provided on
an entire surface of the rear surface of the substrate 15, for
example.

Subsequently, as shown in step S122 in FI1G. 5, annealing is
performed. In this annealing process, a heat treatment at
approximately 800° C. is performed. As conditions for this
annealing process, the annealing process is performed in
argon (Ar) gas with heating time of 5 minutes, for example.
By this heat treatment, Ni,Si is formed on an interface
between the second electrode D2 and the substrate 15, for
example. Thus, the second electrode D2 is in ohmic contact
with the substrate 15.

By the above processes, the semiconductor device 110 is
completed.

Next, another example of the charge trap region 60a will be
described.

The charge trap region 60a may include SiON instead of
SiN. In this case, the second portion 62 of the insulating film
60 is an SiON film.

A composition ratio of O to a composition ratio of N in
SiON included in the charge trap region 60a is less than 0.01.
In this case, SION can be regarded as SiN.

In the above case, a composition ratio of Si to a composi-
tion ratio of N in SiON included in the charge trap region 60a
is 0.85 or more and 0.95 or less.

In a case where a composition ratio of O to a composition
ratio of N in SiON included in the charge trap region 60a is
0.01 or more, a composition ratio of Si in SiION included in
the charge trap region 60a satisfies 1.13<[Si]/(Y2 [O]+%4 [N])
<1.27.

Thus, the SiON film is Si-rich, a plurality of Si dangling
bonds exist, and electrons and holes are easy to be trapped.

To make the SiON film function as the charge trap region
60qa, surface density of the charge traps is important. The
charges go in and out at higher speed when the SiON film is
thinner. Accordingly, a thickness of the SiON film is favor-
ably 8 nanometers (nm) or less. In addition, for high-speed
movement, the thickness of the SiON film is favorably 4 nm
or less.

On the other hand, to trap charges sufficiently, a certain
thickness is required. Accordingly, the thickness of the SiION
film needs to be 0.5 nm or more. Further, to keep film unifor-
mity, the thickness of the SiON film is favorably 1 nm or
more. Based on the above, the thickness of the SiON film is
0.5 nm or more and 8 nm or less, and more preferably 1 nm or
more and 4 nm or less. An optimal thickness is approximately
2.5 nm. In the embodiment, 2.5 nm is applied as the thickness
of the SiON film.

The charge trap region 60a may include an oxide dielectric
of Ti, Zr, or Hf to which at least one selected from the group
consisting of Tc, Re, Ru, Os, Rh, Ir, Pd, Pt, Co, Ni, W, Mo, Cr,
Mn, and Fe is added, instead of the SiN film.

Also, at least one selected from the group consisting of N,
C, B, Mg, Ca, Sr, Ba, Al, Sc, Y, and La may be added to the
above oxide dielectric.

FIG. 7A and FIG. 7B are schematic cross-sectional views
illustrating a clustered oxide dielectric.
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FIG. 7A shows the insulating film 60 including a clustered
oxide dielectric 63. FIG. 7B shows an example of a method
for manufacturing the insulating film 60 including the clus-
tered oxide dielectric 63.

As shown in FIG. 7A, the insulating film 60 may include
the clustered oxide dielectric 63. The clustered oxide dielec-
tric 63 acts as the charge trap region 60a. Examples of the
clustered oxide dielectric 63 include SrTiO; to which Ru is
added, HfSiON to which Ru is added, and HfO, to which Ru
is added.

To form the clustered oxide dielectric 63 in the insulating
film 60, as shown in FIG. 7B, after the insulating film 60 is
formed, a film 65 including the oxide dielectric 63 is formed
on the insulating film 60. An example of the film 65 is an
HfSi0O, film to which Ru is added. By performing annealing
after formation of the film 65, the clustered oxide dielectric 63
is formed in the insulating film 60. In a case where the charge
trap region 60aq is the clustered oxide dielectric 63, charges
move at higher speed.

(Third Embodiment)

FIG. 8 is a schematic cross-sectional view illustrating a
semiconductor device according to a third embodiment.

As shown in FIG. 8, a semiconductor device 120 according
to the third embodiment is an example in which the embodi-
ment has been applied especially to an IGBT (Insulated Gate
Bipolar Transistor).

Different points of the semiconductor device 120 from the
semiconductor device 110 include using a substrate 17
(fourth semiconductor region) made of p*-type 4H—SiC
instead of the substrate 15 made of n*-type SiC, and the first
semiconductor region 10 having a stacked structure of a first
layer 11 including an n*-type 4H—SiC layer and a second
layer 12 including an n™-type 4H—SiC layer. The first semi-
conductor region 10 contacts the substrate 17 and is provided
on the substrate 17. The first layer 11 and the second layer 12
are breakdown voltage holding layers.

On a rear surface (lower surface) of the substrate 17, the
second electrode D2 is formed. This second electrode D2 is a
collector electrode. In the embodiment, a Ti and Al stacked
film is used as the second electrode D2. The second electrode
D2 obtains ohmic contact by an annealing process at 800° C.
in Ar for 2 minutes, for example.

Also, the first electrode D1 on the contact region 25 is an
emitter electrode in the embodiment. The first electrode D1 is
in ohmic contact with the third semiconductor region 30 and
the contact region 25.

A method for manufacturing the semiconductor device 120
is substantially the same as the method for manufacturing the
semiconductor device 110 except for forming the first layer
11 and the second layer 12 on the substrate 17.

In the embodiment like this, the IGBT with a stable thresh-
old value is achieved. In the semiconductor device 120, since
a bipolar operation is performed, conductivity modulation
occurs, and on-resistance is lowered. As a result, conducting
ability is drastically heightened further than that of the MOS-
FET.

(Variations)

Although examples in which the embodiments have been
applied to the DIMOSFET or the IGBT have been described
in the embodiments, the embodiments can be applied to a
device as long as the device has a structure in which a p-type
4H—SiC region (second semiconductor region 20) is pro-
vided at a surface part of an SiC region (first semiconductor
region 10) and in which a gate electrode (control electrode G)
is provided via a gate insulating film (insulating film 60) on
the p-type 4H—SiC region.
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For example, the embodiments can be applied to a transis-
tor such as the DIMOSFET and the IGBT having atrench gate
structure. The embodiments can also be applied to a device as
long as the device has a semiconductor region, an insulating
film provided on the semiconductor region, and an electrode
provided on the insulating film, such as a JFET (Junction
Field Effect Transistor) and a diode.

Also, although examples of using SiC have been described
in the embodiments, other materials such as a compound
semiconductor such as gallium nitride (GaN), Si, diamond,
and carbon may be used. The embodiments are especially
effective to a semiconductor device using SiC, GaN, dia-
mond, and carbon that is suitable for an operation under an
environment of as a high temperature as 80° C. or higher, for
example.

As described above, with the semiconductor device
according to the embodiments, a stable threshold value can be
obtained.

The embodiments have been described above with refer-
ence to the specific examples. However, the embodiments are
not limited to these specific examples. That is, a person
skilled in the art appropriately adds design changes to these
specific examples, and such changes are encompassed within
the scope of the embodiments as long as they have features of
the embodiments. Each component included in each of the
aforementioned specific examples, and arrangement, a mate-
rial, a condition, a shape, a size, and the like of the component
are not limited to the illustrated ones but can be changed
appropriately.

For example, although a first conductivity type is n-type
while a second conductivity type is p-type in each of the
aforementioned embodiments and each of the variations, the
first conductivity type can be p-type while the second con-
ductivity type can be n-type in carrying out the invention.

Each element included in embodiments described above
can be combined to the extent possible and these combina-
tions are also encompassed within the scope of the embodi-
ments as long as they include the features of the embodi-
ments. Various other variations and modifications can be
conceived by those skilled in the art within the spirit of the
invention, and it is understood that such variations and modi-
fications are also encompassed within the scope of the inven-
tion.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the invention.

What is claimed is:

1. A semiconductor device comprising:

a structure having a first surface, including a first semicon-
ductor region of a first conductivity type, a second semi-
conductor region of a second conductivity type, and a
third semiconductor region of the first conductivity type,
and having a portion including the first semiconductor
region, the second semiconductor region arranged in
contact with the first semiconductor region, and the third
semiconductor region arranged in contact with the sec-
ond semiconductor region in a first direction along the
first surface;
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an insulating film provided on the first surface of the struc-

ture;

a control electrode provided on the insulating film;

afirstelectrode electrically connected to the third semicon-

ductor region; and

a second electrode electrically connected to the first semi-

conductor region,

the insulating film including a charge trap region trapping

charges, and

a bias voltage being applied to the first electrode and the

second electrode, and the bias voltage including a shift
voltage, the shift voltage making a reference potential of
a voltage applied to the first electrode and the second
electrode shift from a reference potential of a voltage
applied to the control electrode by a certain voltage,
wherein the charge trap region includes SiON, and
wherein, in a case where a composition ratio of Siin SiON
included in the charge trap region is [Si], a composition
ratio of O is [O], and a composition ratio of N is [N],
1.13<[Si]/(V2 [O]+%4 [N]) <1.27 is satisfied.

2. The device according to claim 1, wherein the insulating
film includes SiO,.

3. The device according to claim 1, wherein the charge trap
region includes SiN.

4. The device according to claim 3, wherein a composition
ratio of Si to a composition ratio of N in SiN included in the
charge trap region is larger than 0.75 and smaller than 1.05.

5. The device according to claim 3, wherein a composition
ratio of Si to a composition ratio of N in SiN included in the
charge trap region is 0.85 or more and 0.95 or less.

6. The device according to claim 3, wherein a thickness of
the charge trap region is 1 nanometer or more and 4 nanom-
eters or less.
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7. The device according to claim 1, wherein [0] / [N] <0. 01
is satisfied.

8. The device according to claim 1, wherein 0.85<[Si] / [N]
<0.95 is satisfied.

9. The device according to claim 1, wherein a thickness of
the charge trap region is 1 nanometer or more and 4 nanom-
eters or less.

10. The device according to claim 1, wherein the charge
trap region includes an oxide dielectric of Ti, Zr, or Hf to
which at least one selected from the group consisting of Tc,
Re, Ru, Os, Rh, Ir, Pd, Pt, Co, Ni, W, Mo, Cr, Mn, and Fe is
added.

11. The device according to claim 10, wherein at least one
selected from the group consisting of N, C, B, Mg, Ca, Sr, Ba,
Al, Sc, Y, and La is added to the oxide dielectric.

12. The device according to claim 10, wherein the oxide
dielectric is provided in a clustered form in the insulating
film.

13. The device according to claim 1, wherein the charge
trap region contacts the control electrode.

14. The device according to claim 1, wherein a work func-
tion of a material of the control electrode is substantially
equal to a mid gap of silicon.

15. The device according to claim 1, wherein the second
electrode is provided on a second surface on an opposite side
to the first surface of the structure.

16. The device according to claim 1, further comprising a
voltage supplying unit applying the bias voltage to the first
electrode and the second electrode.

17. The device according to claim 1, wherein the shift
voltage is 1 volt or more and 5 volts or less.

18. The device according to claim 1, wherein the structure
includes SiC.



